To study the causes of spatial and temporal evolution of progressive neuroinjury in focal brain isch emia, models with consistent lesion topography are re quired. In such models, continuous monitoring of the mi crocirculation in a penumbral area undergoing progres sive damage could be possible. We used a fixed-pulse 0.0 s, 40 W) Nd-Y AG laser (NYL) to produced discrete brain lesions in rats and monitored the cerebral blood flow (CBF) with laser-Doppler flowmetry (LDF) in nonirradi ated areas directly adjacent to the maturing lesion. We also examined the time evolution of the lesion topography over a 4 day period. The lesion volume determined by histopathological methods increased from 3.1 ± 0.5 to 4.5 ± 0.5 mm3 (p < 0.05) during the first 2 h. Simultaneously, LDF indicated severe hypoperfusion (-60 ± 21%, p < 0.01) at a zone (I mm distance from the laser lesion)
The pathomechanisms associated with secondary brain damage following various types of CNS injury exhibit remarkable similarities. These detrimental events include disruption of the blood-brain barrier (BBB), edema and aggregation of white blood cells and platelets, together with production of reactive oxygen radicals, prostaglandins, and leukotrienes (for review, see Welch and Barkley, 1986) . In mod els of focal brain injury caused by ischemia, impact injury, or thermal extremes, no pharmacological treatment has been found to reverse the develop-where progressive neuronal degeneration and increased tissue water content (80.0 ± 3.3% versus 76.8 ± 2.1% in normal tissue, n = 7, p < 0.05) were also observed. At a 4 mm distance from the lesion, hyperemic CBF responses were observed, but no histopathological signs or edema. Secondary brain damage progressed up to 4 days (lesion volume of 6.0 ± 0.7 mm3). The NYL-induced brain lesion produced a highly reproducible focal injury and progres sive neuronal death in a spatial relationship with micro circulatory failure and edema formation. The model al lows prospective study of tissue state at a discrete zone, which is separate from the initial injury, but susceptible to secondary brain damage. Key Words: Focal brain injury Ischemia-Lasers-Laser-Doppler flowmetry-Micro circulation-Nd-YAG. ment of necrosis of the central core of the lesion. It is the progression of the lesion area in the ischemic penumbra (Astrup et al., 1981) that interventions are designed to prevent (Kistler et aI., 1984; Brailowsky, 1988) . Since widely used models [e.g., middle cerebral artery (MCA) occlusion] of acute focal ischemia tend to produce lesions with variable topography (Graham, 1988) , the margins of necrosis and the localization of ischemic penumbra cannot be predicted with precision. Therefore, on-line evaluation of the microvascular state in the isch emic penumbra has not been possible in these mod els. However, the balance between hypoperfusion and collateral circulation is widely viewed as a cru cial determinant of the extent of eventual patholog ical or functional damage. Secondary ischemia may be one of the most important factors to affect the destiny of delayed neuronal death in the penumbra. On the other hand, the hemodynamic states in pen umbral zones have never been fully explored, pri-marily due to lack of on-line, noninvasive methods for continuous monitoring of the microcirculation.
The prospect of applications of laser technology in neurosurgery inspired some investigators to study the basic characteristics of the laser-tissue interaction with brain tissue. Toya et al. (1980) de scribed laser-induced brain injuries surrounded by a zone of reduced blood flow and increased perme ability of blood vessels. Wharen et al. (1984) used the Nd-YAG laser (NYL) to produce sharply de marcated brain lesions in cats that displayed BBB disintegration with histology characteristic of an ischemic lesion. They also presented in vitro data suggesting that this laser type (1,069 nm wave length) is absorbed by blood components 100-fold more than the surrounding brain parenchyma. These reports on the laser-brain interaction prompted us to hypothesize that focal laser irradi ation may trigger secondary brain damage in healthy tissue surrounding the initial lesion and that this is coincident with microcirculatory failure.
This study was designed to define quantitatively the interaction of laser energy with brain tissue. Specifically, by continuously monitoring the micro vascular blood flow at various distances from the lesion, we intended to evaluate the role of ischemia in the evolution of neuronal damage in the penum bral area. The eventual goal was to investigate whether laser-induced focal injury could serve as a highly reproducible model of secondary brain dam age.
METHODS AND MATERIALS

Experimental protocol
Forty-seven male Sprague-Dawley rats (250-400 g) were anesthetized with i.p. injection of ketamine (120 mg/ kg) mixed with acepromazine (1.3 mg/kg) and placed in a stereotactic device (David Kopf Instruments, Tujunga, CA, U.S.A.). Under an operating microscope, a rectan gular craniotomy (�4 x 3 mm) was performed with a dental drill to expose the parietal lobe of the right hemi sphere. The intact translucent dura overlaying the ex posed cortex was frequently moistened with saline irriga tion. Thirty of the rats were then subjected to the irradi ation protocol and permitted to recover from anesthesia. These rats were divided into five groups (n = 6) that were studied at different duration after the injury, as follows: 3 min, 2 h, 8 h, 24 h, and 4 days. Rats recovering from anesthesia had the bone flap repositioned and the scalp sutured. The remaining 17 rats were used to study the cortical microcirculatory response and edema formation.
Irradiation protocol
A N d-Y AG unit commonly applied in neurosurgery was utilized (Model CL 40, Surgical Laser Technologies, Malvern, PA, U.S.A.). The fiberoptic cable of the beam delivery system had a core fiber diameter of 0.6 mm and was attached to a micromanipulator for stereotactic 10-calization. With the aid of the internal He-Ne aim beam, an area in the right parietal cortex devoid of large vessels was selected for the NYL lesion spot (2.65 ± 0.48 mm lateral and 5.85 ± 0. 71 mm posterior to the bregma) and irrigated with saline to clear all visible blood accumula tion. This insured that no energy was dissipated by blood on the brain surface. The nonfocussed laser beam was directed perpendicularly to the brain surface. For gener ating the injury, we used an incident power of 40 W and an exposure time of 1.0 s. The total energy delivered was 40 J, which was verified using standard thermal detector (Model LM 45, Coherent, Auburn, CA, U.S.A.) for mea suring laser energy. The distance from the surface of the brain was kept constant at 10 mm and the divergence of the NYL beam was 14°. At the tissue level, the NYL beam diameter was 2.5 mm (l/e2 spot size encompassing 67% of the beam energy integral) and the calculated en ergy density was 8.15 J/mm2• The three-dimensional beam energy profile was measured with a pyroelectric probe (Model LMP 16 x 16, Spiricon, Logan, UT, U.S.A.) and illustrated in Fig. 1A .
Experiments for blood flow and edema measurements
Seventeen rats were used to establish the cortical mi crocirculatory response and edema formation after focal injury. Using PE 50 tubing, a catheter was placed in the left femoral artery for continuous monitoring of MABP. Body temperature was monitored and maintained at 37.5° ± OSC with a heating water pad. Supplementary doses of anesthetic (ketamine, 30 mg/kg i.p.) were administered intermittently, as needed. Also, a left parietal craniotomy was performed for collecting control edema samples. Prior to the irradiation protocol, two fiberoptic laser Doppler flowmetry (LDF) probes (P431 , P436, TSI Inc., St. Paul, MN, U. S.A.) were attached to micro ma nipulators to allow exact positioning and advanced per pendicularly to the brain surface to monitor continuously on-line cortical CBF directly adjacent to the laser spot. In eight rats, the probes were positioned at 1 and 4 mm distances from the laser spot (as illuminated by the visible He-Ne aim beam). In four rats, CBF was monitored through a craniotomy at two locations distant to the in jury, at a � 10 mm distance ipsilaterally in the frontal lobe and at a homologous position contralateral to the lesion. Five control rats underwent a similar craniotomy and CBF monitoring, but no irradiation. Each LDF probe was connected to a separate LDF measuring unit (Model BPM 403 a, TSI Inc.) capable of emitting a 2-mW, 780-nm laser beam and analyzing the light scattering back from tissue to generate the blood flow estimate. The theoretical basis and the validity of LDF in addition to the stability of this instrument have previously been documented (Shepherd et ai., 1987; Skarphedinsson et ai., 1988; Haberl et ai., 1989; Lindsberg et ai., 1989) . Although the exact volume of the monitored tissue in the CNS still needs further definition, LDF estimates are generally accepted to rep resent approximately 1-2 mm3 of tissue directly under neath the probe (Bonner and Nossal, 1981) . Using a signal averaging time of 5 s, continuous analog voltage output signals of LDF were directed to pen chart recorders (Model REC 482, Pharmacia, Gaithersburg, MD, U.S.A.). A digitizing tablet (Model 2210-0.43.C, Numon ics Corp., Montgomeryville, PA, U.S.A.) and a measure ment program (Sigmascan, Version 3.10, Jandel Scien tific, Corte Madera, CA, U.S.A.) written for an IBM PC B were used to digitize the chart recorder tracings of LDF at 6 s intervals during a 2 min control period, 10 min immediately after the injury, and the 5 min ending at 1 and 2 h after the injury. These values were averaged over the monitored period.
Samples weighing 3.0 ± 1.3 mg were excised from the of the regularity of the produced brain lesion as viewed from depth to brain surface at 2 h after irradi ation. Lesion perimeters were digi tized from individual transverse serial histological sections in one animal and plotted in three dimen sions according to the cutting in terval (100 fLm). The total lesion depth was 1.1 mm. cortical brain tissue directly underneath the probe P431 (l mm from the laser spot) and the probe P436 (4 mm from the laser spot, Fig. 2 ) and at a homologous location in the exposed undamaged left hemisphere to determine the wa ter content of these areas at 2 h after laser injury. The samples were acutely weighed (Model M3, Mettler In- strument Corp., Hightstown, NJ, U.S.A.) and thereafter incubated in 110T in a desiccator oven with anhydrous CaS04 (Model OV-8A, Blue M Electric Co., Blue Island, IL, U.S.A.) for 24 h to evaporate water. The samples were then reweighed to determine their water content following methods previously established in our labora tories (Hallenbeck et aI., 1982) .
Histopathological analysis
The 30 animals assigned to the histopathological proto col were killed with 2 ml of 65 mg/ml pentobarbital i.p. and perfused transcardially with saline followed by 10% formalin in phosphate buffer (pH 7.2). The removed brains were divided into two parts coronally at the mac roscopically estimated center of the laser-induced lesion and embedded in two paraffin blocks. Serial sections (5 /Lm) were cut of these blocks at 80--100 /-Lm intervals of the lesion for hematoxylin-eosin staining. Preliminary ex periments suggested a highly regular lesion shape (Fig. lB) and the feasibility to identify microscopically the ep icenter section representative of the maximal cross sectional extent of damage. Besides the lesion area, areas of each hemisphere and the healthy portion of the ipsilat eral hemisphere were measured from the epicenter sec tion in mm2• Based on the eminently regular circular le sion shape and the planimetrically determined lesion area in all histological sections (8-13), the total lesion volume was also estimated in mm3 similarly to the trapezoidal volume integration rule (Osborne et aI., 1987) . The max imal cross-sectional lesion and hemispheric areas were measured planimetrically with a microprojector (Model 42-63-60, Bausch-Lomb, Rochester, NY, U.S.A.) and the above computerized digitizing equipment.
Statistical analysis
All data in the text and figures are mean values ± SD for the indicated number of animals. The averaged blood flow estimates from the injured tissue and the evolution of the lesion extent indexes were statistically analyzed with Kruskal-Wallis analysis of variance followed by the Mann-Whitney U test. Student's t statistics were used to determine the significances of the differences in tissue water contents and MABP (corrected with Bonferroni method).
RESULTS
Histopathology
Macroscopically, the laser injury typically pro duced a pale spot on the brain surface. Occasion ally, the overlying dura mater was colored darkly and disrupted in 4 cases (of 30). Slight bleeding was observed acutely in another four rats. Occluded su perficial vessels surrounding the lesion were fre quently identified when the perfused brains were examined.
Acutely, 3 min after the injury, a hemispheroidal intracortical gray matter lesion was already well de marcated (Fig. 3A) . A central core consisted of in tensely eosinophilic, finely granular condensed neu ropil and degenerate neurons with indistinct borders, pale cytoplasm, and slightly shrunken pyknotic nuclei. An outer rim of pale-staining, rar efied neuropil (edema) comprised approximately one-third of the total lesion diameter. Neurons in this rim ranged from normal at the periphery to ne crotic closer to the central core.
At 2 h, the hemispheroidal lesion was less clearly demarcated and increased in size ( Fig. 3B ). Some of the necrotic neurons in both the central core and the outer rim had no visible cytoplasmic borders and had shrunken, intensely basophilic nuclei (pykno sis). The neuropil in the outer rim was considerably more rarefied (edematous) and paler, but in the cen tral core it appeared to be more condensed and brightly staining than at 3 min. Fibrin and small numbers of red blood cells (RBCs) could be found in edematous spaces around small blood vessels in the outer zone. Occasional small occluded (RBC aggregates with fibrin) vessels were present in the central core. No signs of damage were observed in the CAl hippocampal pyramidal neurons.
At 8 h, scattered neutrophils were found both in the outer edematous rim and the central core (Fig.  3C ). The number of neurons showing degeneration in the outer rim was increased with some neurons undergoing karyorrhexis.
At 24 h, neutrophils had accumulated in large numbers in the central core with few in the outer rim. All neurons in the outer edematous zone were now necrotic-either condensed and hyperbaso philic (pyknotic) or shrunken and very pale. Some degenerate neurons in the hippocampal structure displayed vacuolization (Fig. 3D) . The appearance of neurons in the central core remained as it was at 3 min.
At 4 days, the neutrophilic invasion as noted at 24 h persisted, extending also to the central core. Ex travasation of RBCs, small hemorrhages, and phagocytosis of RBCs and necrotic material were observed in the outer rim, where large numbers of macrophages also appeared ( Fig. 3E and F) . In the peripheral areas, scarring was evident by neovas cularization and gliosis.
The progressive lesion expansion was evidenced by the evolution of the lesion area and volume (Fig.  4A) . A significant volume increase from the 3 min time point (3.13 ± 0.55 mm 3 ) occurred already at 2 h (4.47 ± 0.51 mm 3 , p = 0.016) and progressed up to 4 days (6.03 ± 0.70 mm 3 , p = 0.016 versus 2 h). The cross-sectional lesion area increased similarly up to 8 h with minor changes at later time points. Maximally, the secondary brain damage contrib uted to an increase of � 100% (at 4 days) of the lesion volume. To quantitate secondary damage fur ther, the ratio between the area of the normal neu ronal tissue of the ipsilateral hemisphere and that of the control hemisphere was determined. A progres sive decrease was observed at 24 h and 4 days com- pared to 0 and 2 h (p < 0.05 versus 4 days, Fig. 4B ).
To characterize the extent of water accumulation in this evolution, the ratio between the total areas of the injured and control hemispheres was calculated. A significant increase occurred only at 8 h (Fig. 4B ).
Microcirculatory observations
During the first 10 min following the laser pulse, microcirculation changed to either deeply ischemic ( -55-85%, n = 4) or slightly hyperemic (+ 17-48%, n = 3) at 1 mm from the laser spot. In one animal, immediate hyperemia (+ 128%) was ob served. At a 4 mm distance from the laser spot, LDF showed less dramatic and predominantly hy peremic changes, decreasing in only one animal (-17%). In another animal, a clear acutely hyper emic response was observed ( + 89%) to accompany deeply ischemic changes at a 1 mm distance J Cereb Blood Flow Metab, Vol. 11, No.1, 1991 ( -80%) (Fig. 5) , which also illustrates the resolu tion of LDF in monitoring independently two neigh boring areas with dissimilar CBF. One hour after the irradiation, CBF at 1 mm was generally de creased (-46 ± 26%, p = 0.018) whereas CBF at 4 mm was strikingly hyperemic (+ 70 ± 88%, p = 0.040). At the end of the 2 h follow-up, CBF at 1 mm showed highly significant delayed hypoperfu sion ( -60 ± 21 %; p = 0.0038) while variable pat terns of hyperemia persisted at a 4 mm distance ( + 58 ± 72%; p < 0.040, Fig. 6 ). CBF at a � 10 mm distance (acute: 99 ± 3%, 1 h: 104 ± 16%; 2 h: 102 ± 25%) and at a contralateral homologous position to the lesion (�%: Acute: 96 ± 10%; 1 h: 98 ± 26%, 2 h: 99 ± 37%) indicated stable microcirculation in the acute stage with no consistent changes at later time points. No significant changes were observed in the MABP (baseline: 90 ± 9 mm Hg; during first 10 min: 90 ± 8 mm Hg; at 1 h: 93 ± 11 mm Hg; at 2 h: 94 ± 10 mm Hg, p > 0.30).
Edema
The tissue samples excised directly underneath the LDF probe at a 1 mm distance from the laser spot (after the 2 h follow-up) contained significantly more water than those from the left hemisphere, where only a craniotomy was performed (Fig. 7) . The water content at 4 mm from the laser spot was not altered. Therefore, water accumulation already took place at 2 h in the narrow circular penumbral zone, although this was not yet sufficient to in crease the size of the lesioned hemisphere relative to the control hemisphere at the same time (Fig.  4B) . The water content values obtained for normal and injured brain tissue are similar to previous ob servations of focal brain damage in rats (Ashton et al., 1984) .
DISCUSSION
Previous observations have suggested a preferen tial absorption of the 1,069 nm NYL in blood com ponents (Wharen et al., 1984; Eggert et al., 1985) and demonstrated the capacity of laser energy to obliterate small arterioles and venules by coagula tion and aggregation of blood elements (Toya et al., 1980; Boergen et al., 1981) . Both of these charac teristics may also elicit reduced blood flow in the periphery of the laser lesion. Based on these studies also showing. disruption of the BBB, and the expe rience of neurosurgeons of efficient hemostasis with NYL (Beck, 1980) , we hypothesized that the NYL is capable of triggering a local ischemic zone with highly reproducible progressive neuroinjury in this penumbral area.
The histopathological findings support the ex panding course of NYL-induced brain lesion. This is in accordance with the findings of Eggert et al. (1985) , suggesting a slightly increasing lesion area during the first 2 days. Microscopically, the tissue directly affected by laser (the central core) was im mediately photocoagulated, resulting in complete neuronal death. Other than invasion by neutrophils, no evolution of this area was observed at later time points. Subsequent tissue events, therefore, repre sent the process of secondary brain damage sepa rate from the initial NYL injury. The outer edema tous rim underwent substantial changes. Beginning at the time when edema was observed (2 h), degen erate neurons were already present in this interme diate zone followed by apparent complete neuronal death at 24 h. Despite an influx of macrophages and active removal of the necrotic core together with glial scarring at 4 days, lesion extent indexes sug gested no lesion shrinkage, as observed by other investigators (Eggert et aI., 1985) . Although inter stitial edema per se could expand the zone of ongo ing injury at 8 h (Fig. 4B ) and is probably reflected in the lesion volume index, the progressive diminu tion of the proportion of the normal tissue in the injured hemisphere indicates the presence of sec ondary brain damage in this model. Previous investigators of the laser-brain interac tion have described to some extent the typical tis sue response of the NYL. The lesion dimensions in our series are comparable to those described by others (Beck et aI., 1979; Wharen et aI., 1984; Eg gert et aI., 1985; Yamagami et aI., 1985; Fasano, 1988) . Wharen et al. (1984) used a range of incident the laser spot, hyperemia at 4 mm from the spot, and the CBFcTL in control animals ex posed to craniotomy but not to the laser ir radiation. Each graph is based on the CBF averaged over the recording periods directly prior to the laser injury (baseline: 2 min) and
after it (acute: 10 min), and at 1 h follow-up (5 min) and 2 h follow-up (5 min) time points.
• denotes a significant difference to the con trol group at the level of p < 0.05 and" at the level of p < 0.01. focused onto cat brain and followed the effects at 30 min and 2 weeks later. Similarly to our findings, their lesions showed marked interstitial edema and neuronal pyknosis at 30 min without necrosis. In the chronic phase, sharp demarcation of the lesion had occurred along with macrophage invasion and capillary proliferation, as documented also by Beck et al. (1979) and Yamagami et al. (1985) . At 40 W, some vaporization of tissue was reported. This was not the case in our series, with much lower total energy levels. We also used a shorter pulse duration to minimize carbonization and other thermal ef fects, since these were described to be more related to the pulse duration than the power (Wharen et al. , 1984) . Beck et al. (1979) and 4 mm from the laser spot). Asterisk denotes a significant difference between the 1 mm samples and the samples from the noninjured opposite hemisphere, which was exposed by craniotomy.
J Cereb Blood Flow Metab, Vol. 11, No.1, 1991 ** 2 HOURS homogenous coagulation, and edema zone. They used a power between 22 and 45 W with 0.5-4.0 s pulse duration (11-180 J) . We believe that by select ing relatively high power (40 W) with short pulse duration (1.0 s; 40 J), we avoided the two first zones of tissue injury, although the initial laser lesion (Fig.  3A) was probably of thermal origin. Our results fur ther strengthen the concept of NYL (1,069 nm) pro ducing no vaporization, but significant photocoag ulation and edema (Walter et aI., 1984; Martiniuk et aI., 1989) . However, the emphasis of the present study focused on the secondary temporal evolution of the lesion, which previously has only been par tially documented (Eggert et aI., 1985) . Specifically, we have found no comparable description of the difference in the tissue states within the acute stage (0-2 h), which was substantial in our series. The histopathological observations confirmed that the initial NYL lesion morphology as well as the sec ondary brain damage were eminently reproducible. Since our intention was not to document system atically the dependency of the laser-induced dam age on the energy, pulse duration, distance, or other irradiation variables, as previously reported by Beck et al. (1979) and Wharen et al. (1984) , a dose response evaluation is not provided in this report. Instead, we delivered a fixed energy to the tissue, focusing on the reproducibility of the lesion mor phology and associated pathological tissue re sponses, e.g., edema and hypoperfusion, which have not been systematically documented. The dra matic changes in the microcirculation are in accord with the progressive evolution of the histological picture. As indicated in Fig. 2 , the LDF-probe at a 1 mm distance from the laser spot was seated at a position allowing observation of the development of severe ischemia over an extended period (2 h), when the histologically determined lesion perimeter advanced beyond the probe location. The histolog ical markers of edema increased in this period and it could also be quantitated by the dry-wet weight method. This is in accordance with the findings of Wharen et aI. (1984) , which demonstrated the open ing of the BBB in a circumscribed zone surrounding the area irradiated with the NYL. Although our re sults do not establish a direct causal relationship, they indicate that edema and hypoperfusion are co incident phenomena in this tissue zone. They may also determine the neuronal necrosis that developed in this zone by 24 h.
The CBF pattern at 1 mm was inconsistent in the acute phase, which is difficult to explain. Four rats showed deep ischemia while others were slightly hyperemic. Shrinking of the adventitia and contrac tion of collagen fibers in the vessel wall are consid ered to be the primary hemostatic mechanism of the NYL (Fasano et aI., 1982; Shapshay, 1988) . Fine variations in the exact positioning of the proximal LDF probe with respect to the NYL beam may account for the deviant CBF recordings during the acute 10 min period. In one animal, the NYL beam may have been directly obliterating a small vessel supplying the monitored area and in another not doing so, allowing the probe to record the hypere mic response surrounding the penumbral area.
A few reports describe the capacity of lasers to induce thrombosis even at very low energy levels (Wiedemann, 1974; Boergen et aI., 1981) . Boergen et al. (1981) have shown the feasibility of small ves sel occlusion by the argon laser (10 mJ), which also is largely absorbed by hemoglobin. These effects are thought to be mediated through aggregation of damaged RBCs and the thrombogenicity of the ex posed subendothelial structures like collagen. It is possible that in our experiments, where exposure of the thrombogenic vascular structures is likely to oc cur, some vessels were obliterated by thrombi while others remained patent. Also, the time course of laser-induced thrombosis in experiments by Wiede mann (1974) agree with the acute ischemic states with NYL-induced neuroinjury. At later time points, however, delayed hypoperfusion estab lished in all animals in the proximity (1 mm) of the lesion. Although edema due to BBB disintegration may induce delayed hypoperfusion, intravascular thrombosis, revealed also in the work by Eggert et aI. (1985) , may offer an explanation for the second ary ischemic state of the microcirculation.
Relevance of the NYL-induced injury model
Variabilities in lesion location and volume have recently been viewed as serious drawbacks of mod-els of focal brain injury (Graham, 1988) . While not sharing the initial pathogenesis with human cere brovascular thrombosis or trauma, the present model does bear relevance to experimental studies of focal ischemic and penumbral zones in the brain and is validated by histopathological signs. Its ad vantages include the possibility of inducing a fixed insult and to monitor prospectively the tissue state precisely where secondary brain damage is likely to occur. Contrary to the reproducible models utilizing photochemically induced focal thrombosis (Watson et aI., 1985) , no infusion of foreign chemicals is nec essary to cause brain damage. The present model allows on-line observation of the "blood-injured tissue interaction," which is the essence of the isch emia-reperfusion paradigm. Available reports and our yet unpublished observations have shown that, due to instant vascular injury, the BBB is acutely interrupted after NYL irradiation (Wharen et aI., 1984; Eggert et aI., 1985; Martiniuk et aI., 1989) . Therefore, the consequences of this (e.g., vaso genic edema) may appear earlier in the cascade of detrimental events than in the ischemia-reperfusion models. In focal ischemia, a collateral zone of hy peremia is reported commonly to surround the zone of ischemic penumbra (Lassen, 1966; Welch and Barkley, 1986) . The variably hyperemic responses recorded by the more distant (4 mm) LDF probe most likely represent this phenomenon as a reaction to the ischemic conditions advancing with the lesion perimeter. This response, however, was not asso ciated with edema formation (by 2 h) or pathological histological signs. Since no significant flow alter ations were observed acutely in the frontal pole (�10 mm) and contralateral hemisphere, our results outline the cortical microcirculatory response to fo cal injury in association with a penumbral zone of progressive neuroinjury and edema. We believe that by providing highly reproducible, sharply de lineated lesions and the possibility to monitor on line microcirculation in discrete areas temporally and spatially isolated from the initial insult, laser induced CNS-injury models may offer advantages in quantitative studies of secondary brain damage.
